The claustrum, a poorly understood subcortical structure located between the cortex and the striatum, forms widespread connections with almost all cortical areas, but the cellular organization of claustral circuits remains largely unknown. Based primarily on anatomical data, it has been proposed that the claustrum integrates activity across sensory modalities. However, the extent to which the synaptic organization of claustral circuits supports this integration is unclear. Here, we used paired whole-cell recordings and optogenetic approaches in mouse brain slices to determine the cellular organization of the claustrum. We found that unitary synaptic connections among claustrocortical (ClaC) neurons were rare. In contrast, parvalbumin-positive (PV) inhibitory interneurons were highly interconnected with both chemical and electrical synapses. In addition, ClaC neurons and PV interneurons formed frequent synaptic connections. As suggested by anatomical data, we found that corticoclaustral afferents formed monosynaptic connections onto both ClaC neurons and PV interneurons. However, the responses to cortical input were comparatively stronger in PV interneurons. Consistent with this overall circuit organization, activation of corticoclaustral afferents generated monosynaptic excitatory responses as well as disynaptic inhibitory responses in ClaC neurons. These data indicate that recurrent excitatory circuits within the claustrum alone are unlikely to integrate across multiple sensory modalities. Rather, this cellular organization is typical of circuits sensitive to correlated inputs. Although single ClaC neurons may integrate corticoclaustral input from different cortical regions, these results are consistent with more recent proposals implicating the claustrum in detecting sensory novelty or in amplifying correlated cortical inputs to coordinate the activity of functionally related cortical regions.
Introduction
The claustrum, a poorly understood subcortical structure found bilaterally in mammals, including humans, forms connections with almost all regions of the neocortex (Pearson et al., 1982; Sloniewski et al., 1986; Kowianski et al., 1999; Zingg et al., 2014; Milardi et al., 2015) . Due in part to its challenging size and location in the brain, studies of the claustrum's functional properties have been limited. Based largely on its widespread anatomical connections with the cortex, it has been proposed that the system links diverse cortical regions and plays a role in multimodal sensory integration (Pearson et al., 1982; Ettlinger and Wilson, 1990; Edelstein and Denaro, 2004; Crick and Koch, 2005) . Functional studies in humans have also implicated the claustrum in crossmodal integration (Hadjikhani and Roland, 1998; Banati et al., 2000; Calvert, 2001; Naghavi et al., 2007) . However, other studies argue against broad integration within this structure. Electrophysiological recordings in vivo, for example, indicate that neuronal responses in different regions of the claustrum are restricted to specific sensory modalities (Olson and Graybiel, 1980; Sherk and LeVay, 1981a, b; Remedios et al., 2010) . Based on these data and more recent anatomical studies, it has been proposed that the claustrum instead generates transient responses to signal salient stimuli or coordinates the activity of functionally related cortical areas (Remedios et al., 2010 (Remedios et al., , 2014 Smith et al., 2012; Smythies et al., 2012 Smythies et al., , 2014a Mathur, 2014; Reser et al., 2014; Smith and Alloway, 2014; Goll et al., 2015) .
One difficulty in understanding the function of the claustrum has been the paucity of data concerning the synaptic organization of claustral neural circuits. Although it has been proposed that intrinsic connections within the claustrum play a role in multimodal integration (Crick and Koch, 2005; Smythies et al., 2012 Smythies et al., , 2014b Druga, 2014) , the synaptic relationships of neurons within the claustrum are largely unknown. Large, spiny neurons within the claustrum that project to the cortex represent the claustrum's principal neurons (Brand, 1981; LeVay and Sherk, 1981; Braak and Braak, 1982; Druga, 2014) . The claustrum is also notable for its dense plexus of parvalbumin-positive (PV) fibers formed by local aspiny neurons (Druga et al., 1993; Real et al., 2003; Hinova-Palova et al., 2007 , 2014 Rahman and Baizer, 2007) . Degeneration studies combined with electron microscopy suggest that ClaC neurons receive the majority of cortical input, although corticoclaustral axons also synapse onto aspiny neurons (Juraniec et al., 1971; LeVay and Sherk, 1981; Hinova-Palova et al., 1988) . The synaptic relationships among neurons within the claustrum, however, remain unclear (Juraniec et al., 1971; LeVay and Sherk, 1981; Hinova-Palova et al., 2007; Smith and Alloway, 2010; Druga, 2014) .
Here, by performing the first targeted recordings from identified claustral neurons, we sought to discover whether the cellular organization of claustral circuits supports integration within the claustrum. By combining cell-type identification, paired whole-cell patch-clamp recordings, and optogenetic approaches in mouse brain slices, we determined the cellular organization of the claustrum. We found that ClaC neurons were rarely synaptically connected with one another. In contrast, inhibitory PV neurons in the claustrum were highly interconnected with both chemical and electrical synapses. Furthermore, these PV neurons formed frequent unitary connections with ClaC neurons. We also found that corticoclaustral axons synapsed onto both ClaC principal neurons and PV neurons, consistent with anatomical studies. Optogenetic stimulation of corticoclaustral axons generated monosynaptic excitation as well as feedforward inhibition in ClaC neurons. Together, these data indicate that ClaC neurons are only weakly interconnected and are unlikely to integrate signals locally within the claustrum. The highly interconnected PV interneurons, the frequent connections between PV interneurons and ClaC neurons, and the feedforward inhibition elicited by cortical activation all suggest that the claustrum serves to detect correlated cortical inputs or to amplify synchronous cortical inputs to coordinate the activity of functionally related cortical regions (Bartos et al., 2007; Bruno, 2011) .
Materials and Methods
All experiments were conducted in accordance with the procedures established by the Johns Hopkins Animal Care and Use Committee and followed the guidelines of the National Institutes of Health and the Society for Neuroscience for animal welfare. The following mouse lines were used: a parvalbumin-Cre recombinase line (Pvalb-Cre; 008069, Jackson Laboratory; Hippenmeyer et al., 2005) , a GAD67-GFP transgenic line (G42; 007677, Jackson Laboratory; Chattopadhyaya et al., 2004) , a loxP-STOP-loxP-tdTomato Cre reporter line (Ai9; 007905, Jackson Laboratory; Madisen et al., 2010) , and a loxP-STOP-loxPchannelrhodopsin-2-eYFP Cre-dependent line (ChR2-eYFP, Ai32; 012569, Jackson Laboratory; Madisen et al., 2012) . Mice were all on mixed backgrounds composed primarily of C57BL/6 and CD-1.
Stereotaxic injections of neuronal tracers and viral vectors. Cortical injections of neuronal tracers were used to retrogradely label ClaC neurons. Briefly, mice of either sex, ranging from postnatal day (P) 20 to P55, were anesthetized with ketamine (50 mg/kg), dexmedetomidine (25 g/kg), and the inhalation anesthetic, isoflurane, in oxygen (1-3%). Animals were placed in a custom-built stereotaxic frame and anesthesia was maintained with isoflurane. After performing a small craniotomy, a total of 0.8 -1.5 l of a suspension of tracer was injected in 9 -16 sites in the visual, auditory, and/or somatomotor cortex through a glass pipette (20 -30 m inner tip diameter) using stereotaxic coordinates derived from a mouse brain atlas (Franklin and Paxinos, 2007) and empirically confirmed. Four fluorescent neuronal tracers were used interchangeably with similar results: green and red Retrobeads (Lumafluor) and green and red Alexa-conjugated cholera toxin B (Alexa-488 and Alexa-555 CTB, Invitrogen). A similar approach was used to express the fusion proteins channelrhodopsin-2-eYFP (ChR2-eYFP) and ChR2-mCherry in corticoclaustral axons. Briefly, adeno-associated viral vectors were injected into the cortex [AAV1-CaMKII␣-hChR2(H134R)-eYFP, AAV1-CaMKII␣-hChR2(H134R)-mCherry, and AAV-DJ-CaMKII␣-hChR2(H134R)-eYFP; the National Institute of Drug Abuse Optogenetics and Transgenic Technology Core and the Stanford University Neuroscience Gene Vector and Virus Core]. Because no significant differences in the responses were identified among the viral constructs, the results were pooled for analysis. Buprenorphine (0.05 mg/kg) was administered to all animals postoperatively. We waited Ն48 h to visualize retrogradely labeled ClaC neurons and Ն2 weeks for ChR2 expression before cutting brain slices. We did not observe any ChR2-expressing ClaC neurons retrogradely transduced through their axon terminals in the cortex in any slice.
Anatomical and immunohistochemical analysis. To analyze the location of the retrogradely labeled neurons and axonal projections, mice were deeply anesthetized with isoflurane and then decapitated. The brain was removed and placed in a solution of 4% paraformaldehyde (PFA; Electron Microscopy Sciences) in 0.01 M PBS for Ͼ2 h. Coronal sections (100 -300 m thick) were prepared on a vibratome (VT-1000s, Leica), then mounted using Vectashield (Vector Laboratories) or Aqua Poly/ Mount (Polysciences) and visualized either on an epifluorescence microscope (Axiophot, Zeiss) using 2.5ϫ (0.075 numerical aperture), 5ϫ (0.15 numerical aperture), 10ϫ (0.25 numerical aperture), or 20ϫ (0.5 numerical aperture) objectives or on a confocal microscope (LSM 510, Zeiss) using 5ϫ (0.15 numerical aperture), 10ϫ (0.3 numerical aperture), or 20ϫ (0.8 numerical aperture) objectives. A subset of slices was processed for parvalbumin immunohistochemistry. Briefly, fixed slices were washed in 0.01 M PBS, then incubated for 1 h in PBS with 0.25% Triton X-100 and 5% normal goat serum. The slices were then incubated at 4°C overnight in the same solution with primary antibodies against parvalbumin (rabbit anti-parvalbumin, 1:1000; PV25, Swant). Following three 10 min rinses in PBS, the slices were incubated for 2 h at room temperature in secondary antibody (Alexa-488 goat anti-rabbit, 1:300; Invitrogen). The slices were then mounted and visualized as described above.
Slice preparation. Acute coronal brain slices (300 m thick) were generated for in vitro recording and optical stimulation largely as previously described (Brown and Hestrin, 2009a; Kim et al., 2014) . After anesthetizing the mice (P24 -P105) with isoflurane, brains were isolated in an ice-cold sucrose solution composed of the following (in mM): 76 NaCl, 25 NaHCO 3 , 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgSO 4 , pH 7.3, 315 mOsm. Coronal slices were sectioned on a vibratome (VT-1200s, Leica) in the same ice-cold sucrose solution, and then incubated in warm (32-35°C) sucrose solution for 30 min. Slices were then transferred to warm (32-35°C) artificial CSF (ACSF) composed of the following (in mM): 125 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 -7H 2 O, 20 glucose, 2 CaCl 2 -2H 2 O, 0.4 ascorbic acid, 2 pyruvic acid, 4 L-lactic acid, pH 7.3, 315 mOsm. The solution was then allowed to cool to room temperature. This same ACSF solution was also used for all subsequent recordings. All solutions were continuously bubbled with 95% O 2 /5% CO 2 .
Cell identification and electrophysiological recordings. For recordings, slices were transferred to a submersion chamber on an upright microscope (Zeiss AxioExaminer; 40ϫ objective, 1.0 numerical aperture) and were continuously superfused (2-4 ml/min) with warm (32Ϫ34°C), oxygenated ACSF. The claustrum was identified either by the location of retrogradely labeled ClaC neurons or by the dense PV fiber plexus in G42 or PV-Cre;tdTomato mice. Neurons were visualized with a digital camera (Sensicam QE, Cooke) using transmitted light with infrared differential interference contrast optics and epifluorescence. Neurons were targeted within the labeled region using glass recording electrodes (2-4 M⍀) filled with one of three internal solutions. For experiments related to synaptic connections between PV neurons (see Fig. 3D -G), the pipette was filled with a solution containing the following (in mM): 36.4 KCl, 96.4 KMeSO 3 , 9.1 HEPES, 0.18 EGTA, 4 MgATP, 0.3 NaGTP, 20 phosphocreatine(Na), pH 7.3, 295 mOsm; except for two PV-PV pairs that were recorded with a solution containing the following (in mM): 2.7 KCl, 120 KMeSO 3 , 9 HEPES, 0.18 EGTA, 4 MgATP, 0.3 NaGTP, 20 phosphocreatine(Na), pH 7.3, 295 mOsm. For voltage-clamp recordings (see Fig.  7 D, E), the pipette was filled a solution containing the following (in mM): 3 CsCl, 119.25 CsMeSO 3 , 10 HEPES, 0.2 EGTA, 4 MgATP, 0.3 NaGTP, 20 phosphocreatine(Na), pH 7.3, 295 mOsm. For all other recordings, the pipette was filled with a solution containing the following (in mM): 2.7 KCl, 120 KMeSO 3 , 9 HEPES, 0.18 EGTA, 4 MgATP, 0.3 NaGTP, 20 phosphocreatine(Na), pH 7.3, 295 mOsm.
ClaC neurons were retrogradely labeled with a fluorescent tracer for targeted recordings. PV interneurons were targeted for recording in PVCre;tdTomato or G42 mice. Whole-cell patch-clamp recordings were obtained simultaneously from pairs of claustral neurons using a Multiclamp 700B patch amplifier (Molecular Devices) in voltage-clamp and current-clamp modes controlled by custom-written routines in Igor Pro (WaveMetrics). All signals were low-pass filtered at 10 kHz and digitized at 20 -100 kHz Instrutech) . Data acquisition and analysis were performed using custom software written in Igor Pro (WaveMetrics). The access resistance averaged 13.4 Ϯ 6.1 SD M⍀ for ClaC neurons (n ϭ 200) and 11.5 Ϯ 5.9 SD M⍀ for PV neurons (n ϭ 135) and was not compensated. Results were not corrected for the liquid junction potential. All chemicals were purchased from Tocris Bioscience or SigmaAldrich.
Photostimulation of ChR2. ChR2 was photoactivated as previously described (Kim et al., 2014) . Briefly, a small circle of blue light (110 -315 m diameter) was focused onto the brain slice using a fiber optic cable (920 m diameter; Thorlabs) coupled to a blue LED (ϳ470 nm; Luminous) focused onto the focal plane of a camera port with a 10ϫ 0.3 numerical aperture lens. Brief light pulses (0.5-3 ms each, 6 -600 mW/ mm 2 ) were delivered through the 40ϫ objective centered over the recorded neurons in the claustrum and synaptic responses were recorded in claustral neurons ipsilateral to the injection site in current-clamp or voltage-clamp mode. Mice in which no response was recorded in any tested claustral neuron were eliminated from the analysis (n ϭ 4). ClaC neurons rarely fired action potentials under our stimulation conditions. However, one ClaC neuron that predominantly fired action potentials in response to cortical inputs during the recordings was also eliminated from the analysis.
Morphological analysis. To assess the morphology of claustral neurons, 0.25% w/v biocytin was included in the pipette recording solution of at least one of the two pipettes. Following the electrophysiological experiments, slices were fixed in 4% PFA in 0.01 M PBS. To visualize biocytinfilled cells, we processed the slices in two ways. First, after rinses in 0.01 M PBS, slices were incubated for 1 h in PBS with 2% Triton X-100 followed by 16 -24 h at 4°C in a solution with Alexa-488-conjugated or Alexa-647-conjugated streptavidin (1:200; Invitrogen) and subsequently mounted in Aqua Poly/Mount before being visualized on a confocal microscope (LSM510, Zeiss). Alternatively, 3,3Ј-diaminobenzidine (DAB) was used to visualize the neurons. Briefly, slices were pretreated with H 2 O 2 (Sigma-Aldrich), rinsed, and incubated in a solution containing 2% Triton X-100 (Sigma-Aldrich) in PBS for 1-2 h at room temperature. Slices were then incubated in a standard avidin-biotin solution (Vectastain Elite ABC Kit, Vector Laboratories) and DAB was used to visualize the neurons. Signals were further enhanced by briefly treating the tissue with OsO 4 (Electron Microscopy Sciences). The DAB-processed slices were mounted in Mowiol mounting media or Aqua Poly/Mount. Individual neurons were reconstructed in three dimensions using a Neurolucida system (MicroBrightfield) on an Imager.M2 microscope (100ϫ 1.4 numerical aperture, 40ϫ 1.3 numerical aperture, and 25ϫ 0.8 numerical aperture oil-immersion objectives; Zeiss). No correction was made for tissue shrinkage.
Data analysis. All data analysis was performed in Igor Pro, Excel (Microsoft), and Vassar Stats (http://vassarstats.net/tab2x2.html). Recordings with a resting membrane potential ϾϪ60 mV were eliminated from further analysis. To assess the spiking behavior of the cell, 1-s-long depolarizing current steps were injected into the cells. The properties of action potentials were analyzed using traces in which only single action potentials were elicited. For unitary connections, two presynaptic action potentials at 20 Hz were generated by two 3-5 ms injections of current. The postsynaptic potentials of unitary connections were aligned to the first presynaptic spike before averaging. For optogenetic experiments, brief light flashes (0.5-3 ms each) were delivered at 10 Hz. Synaptic connectivity was typically assessed by averaging 10 -100 individual traces separated by 10 s. In Figures 3 B, E, and 4 B, C, the aligned and averaged postsynaptic potential is shown along with a single pair of presynaptic spikes. The paired-pulse ratio (PPR) was calculated by taking the ratio of the amplitude of the second response over the amplitude of the first response. For PV¡PV connections, the PPR was calculated only for those pairs that were not electrically connected. The PPR could not be calculated for two PV¡ClaC connections due to the small amplitude of the responses. To assess electrical connections, a 1 s hyperpolarizing current pulse was used to calculate the coupling coefficient (V 2 /V 1 ), the ratio of the amplitude of the voltage change in the noninjected cell (V 2 ) and the amplitude of the voltage change in the injected cell (V 1 ). When comparing corticoclaustral input to ClaC and PV neurons, neither cell responded to cortical input in six pairs and were not included in the analysis (see Fig. 7C ). When comparing the latency of inward (excitatory) and outward (inhibitory) currents evoked by corticoclaustral input, a small inward current preceded the outward current at 0 mV in five cells, making it difficult to calculate the latency of inhibition, and these were not included in the summary data (see Fig. 7E ). For those pairs for which the intersomatic distance was measured, the average distance between the two cell bodies was 101 m (range: 29 to 203 m, n ϭ 107 pairs). There was no statistically significant difference in the distance between connected and unconnected pairs for any of the connection types tested. Responses following optogenetic activation were not aligned before averaging. Stimulation artifacts were removed from the traces in Figure 6C ,E. Data are presented as the mean Ϯ SEM unless otherwise noted.
Results

Identification of the claustrum
To identify the claustrum in the mouse, we injected fluorescent retrograde neuronal tracers into the visual, somatosensory, auditory, or motor cortex to label ClaC neurons. Following such injections, we found dense labeling of the claustrum ipsilateral to the injection site ( Fig. 1 A, B) . Previous studies in several model organisms have shown that the claustrum contains a dense plexus of parvalbumin-immunoreactive processes (Druga et al., 1993; Real et al., 2003; Hinova-Palova et al., 2007 , 2014 Rahman and Baizer, 2007) . We confirmed that the retrogradely labeled ClaC neurons and this PV-positive region underlying the cortex were colocalized ( Fig.  1C-F ) . The location of retrogradely labeled ClaC neurons or genetically identified PV neurons allowed us to target cell types within the claustrum for whole-cell patch-clamp recordings in acute brain slices.
Cell types within the claustrum
Because the patterns and properties of synaptic connectivity depend on the identity of the presynaptic and postsynaptic cell types, identifying the cell types that make up a neural circuit represents an essential step in deciphering its functional organization (Hestrin and Galarreta, 2005; Brown and Hestrin, 2009b; KrookMagnuson et al., 2012) . The claustrum primarily contains large, spiny neurons that likely represent excitatory ClaC neurons (Brand, 1981; LeVay and Sherk, 1981; Braak and Braak, 1982; Druga, 2014) . In addition, the claustrum's dense plexus of PV processes likely stems from local aspiny interneurons (Brand, 1981; LeVay and Sherk, 1981; Braak and Braak, 1982; Druga et al., 1993; Kowiań ski et al., 2001; Real et al., 2003; Rahman and Baizer, 2007) . Using a combination of retrograde labeling of ClaC neurons and genetic identification of PV neurons in the claustrum, we analyzed the morphological and electrophysiological profiles of these two types of claustral neurons in acute brain slices of the mouse.
ClaC neurons typically had thick dendrites emanating from the cell body, and their dendrites were densely spiny ( Fig. 2A-C) . The axons typically originated either from the cell body or from a large primary dendrite. In some filled neurons in which the axon was not cut within the claustrum, we could clearly identify a long axonal process traveling through the white matter toward the cortex (Fig. 2D) . Even in these cases, however, filled ClaC neurons had relatively sparse axonal arbors within the claustrum itself. During depolarizing current steps, these neurons typically showed some degree of spike frequency adaptation, although some cells were regular spiking or even exhibited a doublet at the onset of the depolarization (Fig. 2E) . During long step depolarizations, neurons often showed brief pauses in spiking (Fig. 2E,  right) . Additional electrophysiological properties are summarized in Table 1 .
To target PV neurons in the claustrum for electrophysiological recording, we used two lines of mice in which a fluorescent protein is selectively expressed in PV cells: the G42 line or a PVCre line crossed with a Cre-dependent reporter line (Fig. 2F ) . In contrast to ClaC neurons, PV interneurons had smooth dendrites, and each cell formed a dense plexus of axonal boutons within the claustrum that was strikingly different from the axonal pattern seen with ClaC neurons (Fig. 2G-I ) . In a few cases, axonal boutons could clearly be seen surrounding a cell body of another claustral cell visualized with differential interference contrast microscopy. Although some cells had processes that extended into the overlying cortex, we did not identify any instances of an axonal process coursing in the white matter toward the cortex as seen with ClaC neurons (Fig. 2D) . Rather, the processes of PV interneurons seemed largely confined to the claustrum (Fig. 2H ) .
The electrophysiological properties of PV interneurons were also quite different from those of ClaC principal neurons ( Fig. 2J ; Table 1 ). These PV cells had a significantly lower input resistance and a higher resting membrane potential than ClaC neurons (Table 1). PV neurons were fast-spiking cells, and their action potential shape was significantly different from that of ClaC cells (Table  1) . They also exhibited other features typical of fast-spiking cells, including pauses in their firing and oscillations in the membrane voltage (Fig. 2J ) . In contrast to previous work that found no correlation between the spiking patterns and dendritic morphologies of randomly targeted claustral neurons (Shibuya and Yamamoto, 1998) , these data confirm that retrogradely labeled ClaC neurons and genetically identified PV interneurons in the claustrum are morphologically and electrophysiologically distinct.
ClaC neurons within the claustrum are rarely interconnected Excitatory recurrent connections among ClaC neurons may allow them to integrate and amplify their synaptic input (Crick and Koch, 2005; Smythies et al., 2012 Smythies et al., , 2014b . If ClaC neurons form frequent synaptic connections with each other, this circuit organization could increase the gain and prolong the response to corticoclaustral signals (L. Y. Li et al., 2013 , Y. T. Li et al., 2013 Lien and Scanziani, 2013) . Alternatively, a sparsely connected network of ClaC neurons would argue against broad excitatory integration within this structure. Although anatomical experiments indicate that spiny projection neurons as well as aspiny interneurons form synapses within the claustrum, how neuronal circuits within the claustrum are organized remains an open question (Juraniec et al., 1971; LeVay and Sherk, 1981; HinovaPalova et al., 2007) .
We first tested whether we could identify unitary synaptic connections among ClaC neurons. We targeted pairs of retrogradely labeled ClaC neurons for simultaneous patch-clamp recordings (Fig. 3A) . We found unitary excitatory synaptic connections among ClaC neurons ( Fig. 3B ; PPR: 0.7 and 1.2, n ϭ 2 connections). However, the probability of connection was quite low, indicating that unitary connections among ClaC neurons are rare (Fig. 3C) . We also tested whether ClaC neurons were interconnected via electrical synapses. We did not identify any electrical connections among ClaC neurons (n ϭ 0 of 25 tested pairs). The distance between the two somas for the two connected pairs was 80 and 128 m. The average intersomal distance for the unconnected pairs that we measured was 96 m (range: 29 to 175 m, n ϭ 39 pairs) and included 14 connections tested in the ϳ30 to ϳ60 m range. Together, our results suggest that it is unlikely that local synaptic connections among ClaC neurons broadly integrate activity within the claustrum.
PV interneurons are highly interconnected within the claustrum
Because the claustrum is notable for its dense plexus of PV processes, we next asked whether PV neurons are interconnected within the claustrum. Highly interconnected networks of PV interneurons could serve to generate rhythmic or synchronous activity within the claustrum Hestrin, 1999, 2001; Gibson et al., 1999) . To determine the synaptic organization of these cells, we recorded from pairs of PV neurons identified in brain slices from G42 or PV-Cre mice crossed with a Cre-dependent reporter line (Fig. 3D) . A high chloride (36.4 mM KCl) internal solution was used to increase the driving force for chloride and enhance our ability to detect inhibitory synaptic connections. We detected unitary chemical connections as well as electrical synaptic connections among claustral PV neurons (Fig.  3 E, F ) . The chemical connections were inhibitory when recorded with a low-chloride (2.7 mM KCl) internal solution, confirming that PV interneurons in the claustrum are inhibitory (data not shown). The connection probability for both chemical and electrical synapses between PV interneurons was high (Fig. 3G) . The chemical connections between PV interneurons were depressing with a PPR of 0.66 Ϯ 0.03. The coupling coefficient among elec- trically connected PV neurons ranged from 2.4 to 10.9% (mean: 5.7 Ϯ 0.7%). The average distance between the somas that we measured was 90 m for connected pairs (range: 54 to 154 m, n ϭ 8 pairs) and 100 m for unconnected pairs (57 and 142 m, n ϭ 2 pairs). These data indicate that this sparse population of PV interneurons is highly interconnected with both chemical and electrical synaptic connections.
PV interneurons and claustral principal cells are highly interconnected
If ClaC neurons and PV neurons are synaptically connected, the highly interconnected network of PV neurons within the claustrum could serve to detect and amplify correlated inputs from ClaC neurons and coordinate the activity of claustral projection neurons (Galarreta and Hestrin, 2001; Cardin et al., 2009; Sohal et al., 2009) . Electron microscopy studies of the claustrum hint at connections between spiny and aspiny neurons (LeVay and Sherk, 1981; Hinova-Palova et al., 2007) . We next asked whether the principal cells of the claustrum, ClaC neurons, and claustral PV neurons are interconnected. We recorded simultaneously from pairs of neurons composed of one retrogradely labeled ClaC cell and one claustral PV neuron identified in G42 or PV-Cre; tdTomato mice (Fig. 4A) . We identified excitatory unitary connections from ClaC neurons onto PV neurons, as well as inhibitory unitary connections from claustral PV neurons onto ClaC cells (Fig.  4 B, C) . Indeed, these two cell types were highly interconnected in both directions (Fig. 4D) . For ClaC¡PV and PV¡ClaC connections, the average intersomal distance that we measured for connected and unconnected pairs was not significantly different (ClaC¡PV: connected Five of the pairs we tested were bidirectionally connected, suggesting that PV cells may contribute to feedback inhibition in the claustrum (Hu et al., 2014) . The PPR was depressing for both ClaC¡PV and PV¡ClaC connections (ClaC¡PV: 0.70 Ϯ 0.06, n ϭ 13 pairs; PV¡ClaC: 0.59 Ϯ 0.04, n ϭ 9 pairs). These results suggest that the network of PV inhibitory neurons within the claustrum may strongly influence the activity of ClaC neurons. A hyperpolarizing current step (Ϫ100 pA, top traces) evoked a corresponding response in the electrically connected partner (bottom traces) during simultaneous recordings from an electrically connected pair of PV neurons. G, Summary data showing the probability of connection for chemical (n ϭ 13 of 24 tested connections) and electrical synaptic connections (n ϭ 6 of 12 tested connections). The configurations for the identified connections were as follows: PV¡PV: one pair; PV7PV: two pairs; PV PV: zero pairs; PV PV: four pairs; PV PV: two pairs; unconnected: three pairs. For the vertical axis of the calibration bars in B, E, and F, the top value is for the presynaptic cell and the bottom value is for the postsynaptic response.
It is interesting to note that the identity of the postsynaptic neuron plays an important role in determining the connections of ClaC neurons. Although PV neurons are vastly outnumbered by ClaC neurons in the claustrum, the probability of detecting a ClaC¡PV connection was 34%, while the probability of identifying a ClaC¡ClaC connection was only 2.3% in our study ( p ϭ 0.0000026, Fisher exact test). Thus, a ClaC neuron is ϳ15-fold more likely to synapse onto a PV neuron than onto another ClaC neuron. The difference in the probability of connection for PV¡PV and PV¡ClaC connections was not statistically significantly different ( p ϭ 0.063, Fisher exact test).
Corticoclaustral axons synapse onto both ClaC neurons and PV neurons
How cortical input stimulates ClaC neurons and PV neurons in the claustrum has important implications for the function of claustral circuits. Corticoclaustral neurons are found in the infragranular layers of the cortex and represent a separate population from the more-studied L6 corticothalamic neurons (Olson and Graybiel, 1980; Sherk and LeVay, 1981a; Katz, 1987; Smith and Alloway, 2010) . Degeneration studies combined with electron microscopy have demonstrated that corticoclaustral afferents synapse onto putative ClaC cells (Juraniec et al., 1971; LeVay and Sherk, 1981) , suggesting that there exists a monosynaptic loop from corticoclaustral neurons onto ClaC neurons. In addition, a small number of synapses were identified that targeted the beaded dendrites of aspiny neurons (Juraniec et al., 1971; LeVay and Sherk, 1981; Hinova-Palova et al., 1988) . These studies suggest that the large majority of the cortical input to the claustrum targets ClaC cells, but the functional impact of this synaptic organization is not clear. If cortical input drives primarily ClaC neurons and not PV neurons, it would suggest that cortical activation of ClaC neurons would then drive PV neurons, which in turn would generate feedback inhibition in ClaC neurons. Alternatively, if corticoclaustral input drives inhibitory neurons strongly, as seen with thalamocortical or corticothalamic inputs, PV neurons could also provide strong feedforward inhibition to ClaC neurons during cortical activity.
To distinguish between these possibilities, we first asked whether we could identify monosynaptic connections from corticoclaustral neurons to ClaC neurons. To address this question, we next expressed the light-gated cation channel ChR2 in corticoclaustral afferents (Fig. 5A) . We stereotaxically injected AAVChR2 into visual or auditory cortex to transduce corticoclaustral neurons while also injecting a fluorescent retrograde tracer to label ClaC neurons. We then identified regions within the claustrum in which both retrogradely labeled ClaC neurons and ChR2-expressing corticoclaustral axons were located. Following optogenetic stimulation of corticoclaustral axons in the claustrum, we identified short-latency postsynaptic potentials (PSPs) in ClaC neurons (Fig. 5B) . Of the ClaC neurons tested, 73% responded with short-latency PSPs (n ϭ 51 of 70 cells tested). We did not detect a response to optogenetic stimulation of corticoclaustral axons in the remaining cells. The evoked responses were blocked by bath application of glutamate receptor antagonists, indicating that these excitatory responses were mediated by glutamate [control: 136.9 Ϯ 19.1 pA; (RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) ϩ NBQX: 4.1 Ϯ 1.5 pA, n ϭ 3 cells]. On average, these connections were depressing (PPR: 0.63 Ϯ 0.04, n ϭ 51 cells). However, these results must be interpreted with caution as these ChR2-based methods may lead to an overestimation of synaptic depression (Jackman et al., 2014) .
To test whether these responses were generated by monosynaptic connections from cortical afferents onto ClaC neurons, we first confirmed that the responses were mediated by action potentials. Bath application of the sodium channel blocker tetrodotoxin (TTX) eliminated the optogenetic responses, indicating that the postsynaptic responses were action potential dependent (Fig. 5C,D) . To test whether these responses represented monosynaptic input, we first blocked action potentialdependent responses with bath application of TTX. We then bath applied the potassium channel blocker 4-AP in combination with TTX to enhance ChR2-induced depolarization of the axon terminals of corticoclaustral axons and generate local synaptic release (Petreanu et al., 2009 ). In the majority of cells tested, a small response was detected in the presence of 4-AP and TTX, indicating that corticoclaustral axons directly synapse onto the recorded ClaC neurons (Fig. 5 E, F ) . However, the responses were smaller and slower than those seen with action potential-dependent release, suggesting that the dynamics of release are quite different under these conditions. Together, these data demonstrate a functional monosynaptic loop between corticoclaustral afferents and ClaC neurons.
Corticoclaustral input onto PV neurons combined with the high probability of connection between PV neurons and ClaC neurons could represent a circuit mechanism for feedforward inhibition driven by cortical input. Although anatomical studies indicate that most cortical input targets ClaC neurons, these studies also suggest that corticoclaustral afferents synapse onto aspiny neurons within the claustrum (Juraniec et al., 1971; LeVay and Sherk, 1981; Hinova-Palova et al., 1988) . To test whether corticoclaustral afferents synapse directly onto claustral PV neurons, we again expressed ChR2 in corticoclaustral afferents (Fig. 6A) . Following optogenetic stimulation of corticoclaustral axons in the claustrum, we identified short-latency PSPs in PV claustral neurons (Fig. 6B ). Of the connections tested, 73% responded with short-latency PSPs (n ϭ 38 of 52 cells tested). We did not detect a response to optogenetic stimulation of corticoclaustral axons in the remaining PV neurons. The PPR of these connections was 0.77 Ϯ 0.06 (n ϭ 38 cells), although again this result must be interpreted with caution (Jackman et al., 2014) . These responses were action potential dependent as bath application of TTX eliminated the responses (Fig. 6C,D) . To test whether corticoclaustral axons formed monosynaptic connections onto PV claustral neurons, we first blocked action potential-dependent postsynaptic responses with bath application of TTX and then applied the potassium channel blocker 4-AP in combination with TTX to measure ChR2-induced release. In most cells tested, a small response was detected in the presence of 4-AP and TTX, indicating that corticoclaustral axons directly synapse onto claustral PV neurons (Fig. 6 E, F ) . Together, these data indicate that corticoclaustral cells form monosynaptic connections with both ClaC cells and PV neurons.
Long-range inputs that target both the inhibitory and excitatory neurons in an interconnected network can evoke potent feedforward inhibition and render the postsynaptic neurons sensitive to the temporal correlations of the input (Bruno, 2011; Hu et al., 2014) . To determine whether the claustrum's circuit organization forms a substrate for feedforward inhibition, we next compared the strength of the cortical input onto ClaC neurons and PV neurons within the claustrum. We recorded from pairs of ClaC and PV cells while optically activating ChR2-expressing cortical afferents (Fig. 7A) . This experimental configuration minimized the impact of any variation in levels of ChR2 expression or activation across slices and experimental animals. We found that cortical input to PV cells was, on average, stronger than the input to nearby ClaC cells (Fig. 7 B, C) . We next recorded from ClaC neurons in voltage clamp to isolate the excitatory and inhibitory currents elicited by stimulation of cortical afferents. Excitatory inward currents were measured with ClaC neurons held at Ϫ70 mV while inhibitory outward currents were recorded with ClaC cells held at 0 mV. In addition to excitatory currents, all ClaC cells tested showed inhibitory currents following optogenetic stimulation of cortical afferents (Fig. 7D) . Several lines of evidence indicate that these inhibitory currents result from a disynaptic circuit. First, these inhibitory currents were eliminated following bath application of the glutamate receptor blockers NBQX and CPP (control: 278.3 Ϯ 106.0 pA; CPPϩNBQX: Ϫ6.7 Ϯ 3.2 pA, n ϭ 3 cells). Second, the inhibitory responses had significantly longer latencies than the short-latency monosynaptic excitatory responses generated from optogenetic activation of corticoclaustral axons (Fig. 7 D, E) . Third, we did not detect inhibitory responses following optogenetic activation of corticoclaustral terminals in the presence of 4-AP and TTX. Together, these findings indicate that ClaC neurons receive strong disynaptic feedforward inhibition as well as direct monosynaptic excitation driven by cortical input, and that PV neurons may play an important role in this inhibition.
Discussion
Here, we determined the functional connectivity of ClaC projection neurons and PV neurons within the claustrum (Fig. 8) . We show that ClaC neurons are rarely synaptically connected with one another. In contrast, PV neurons within the claustrum are highly interconnected with both electrical and chemical synapses. In addition, we found frequent synaptic connections between ClaC neurons and PV neurons. We also demonstrate that corticoclaustral axons synapse onto both ClaC and PV neurons. Consistent with this circuit organization, optogenetic activation of corticoclaustral afferents generates excitatory responses as well as disynaptic inhibitory responses in ClaC neurons. Our results suggest that widespread recurrent excitatory connections within the claustrum are unlikely to integrate neuronal activity within this structure. Rather, the relationship among ClaC neurons and PV neurons as well as the feedforward inhibition evoked by cortical input are typical features of a circuit that detects or amplifies correlated cortical input (Bruno, 2011; Hu et al., 2014) .
A prevailing hypothesis regarding the claustrum's function is that it plays a role in multimodal sensory integration (Pearson et al., 1982; Ettlinger and Wilson, 1990; Crick and Koch, 2005; Smythies et al., 2014a; Goll et al., 2015) . Several imaging studies in humans have supported this proposal, although distinguishing responses in the claustrum from multimodal responses in the neighboring insula remains a challenge (Hadjikhani and Roland, 1998; Banati et al., 2000; Naghavi et al., 2007) . Synaptic connections among ClaC neurons have been proposed to integrate afferent cortical activity within the claustrum (Crick and Koch, 2005; Smythies et al., 2012 Smythies et al., , 2014b Druga, 2014) . However, we found that unitary synaptic connections between ClaC neurons are rare. Less than five percent of tested connections were in fact synaptically connected, making it unlikely that widespread recurrent excitatory connections among ClaC neurons represent a cellular substrate for crossmodal integration. We also found no evidence of electrical connections among ClaC neurons. Thus, recurrent excitatory connections among ClaC neurons are unlikely to integrate or amplify the activity of ClaC neurons. It is possible that some as yet undefined subset of ClaC neurons is recurrently connected within the claustrum. Or alternatively, it is possible that single ClaC neurons integrate input from multiple sensory modalities through convergent monosynaptic input from corticoclaustral afferents emanating from different primary sensory cortical areas. However, our results are consistent with in vivo extracellular recordings that have found little evidence for multimodal responses within the claustrum and have instead suggested that there exist distinct topographic maps within the claustrum dedicated to particular sensory modalities (Olson and Graybiel, 1980; Sherk and LeVay, 1981a,b; Remedios et al., 2010) .
It has also been proposed that networks of interconnected inhibitory neurons within the claustrum play an important role in its function, although to date little evidence exists to support this hypothesis. We show here that PV inhibitory neurons, which form a dense network of processes within the claustrum in a wide variety of model organisms (Druga et al., 1993; Real et al., 2003; Hinova-Palova et al., 2007 , 2014 Rahman and Baizer, 2007) , are highly interconnected with both chemical and electrical synapses. Interestingly, we found that the average coupling coefficient among claustral PV neurons was high (5.7%) in our recordings, indicating that these electrical connections are not limited to juveniles (Galarreta and Hestrin, 2002) . In addition to frequent PV¡PV connections, we show that ClaC neurons and PV neurons were also highly interconnected with chemical synapses. This synaptic organization is similar to that described for cortical PV neurons Gibson et al., 1999) , where it has been shown that they play important roles in coordinating the activity of principal neurons (Galarreta and Hestrin, 2001; Bartos et al., 2007; Cardin et al., 2009; Sohal et al., 2009 ).
In the cortex, PV neuron networks play a role in synchronizing the activity of cortical projection neurons and in generating brain rhythms, including gamma oscillations in the cortex (Galarreta and 2009; Sohal et al., 2009) . A similar function could be performed here in response to cortical and other inputs to the claustrum. However, networks of electrically connected cells can also desynchronize network activity (Vervaeke et al., 2010) . Modulation of the GABAergic connections among PV cells by one of the many neuromodulators enriched in the claustrum could alter the properties of this network such that, for example, brief bursts of cortical input could synchronize or desynchronize local networks of claustral neurons, depending on the behavioral state of the animal (Connors et al., 2010; Baizer, 2014; Goll et al., 2015) .
This circuit organization may function to coordinate the activity of functionally related cortical regions within or across cortical hemispheres (Smith et al., 2012; Smythies et al., 2012; Smith and Alloway, 2014; Zingg et al., 2014) . First, some ClaC neurons have axons that project to more than one cortical area (Bullier et al., 1984; Minciacchi et al., 1985; Li et al., 1986; Smith et al., 2012; Smith and Alloway, 2014) . Second, in some regions of the claustrum, functionally related ClaC neurons that project to different cortical areas may be closely intermingled (Smith et al., 2012; Smith and Alloway, 2014) . In both cases, coordinated activity within local groups of ClaC neurons could coordinate the activity of functionally related cortical areas (Smythies et al., 2012 (Smythies et al., , 2014b Reser et al., 2014; Goll et al., 2015) . Networks of interconnected inhibitory neurons within the claustrum could serve to coordinate the activity of these ClaC neurons or synchronize oscillations within claustral microcircuits as PV inhibitory neurons do in the cortex (Bartos et al., 2007; Cardin et al., 2009; Sohal et al., 2009) . Whether this coordinated activity can include ClaC neurons that project to different cortical targets remains to be tested. Much still needs to be understood regarding the topography of the claustrum's projections as the relationship between the targets of corticoclaustral axons and ClaC axons is likely complex. Thus, the impact of these effects may vary widely based on the specific projection patterns (Pearson et al., 1982; Smith et al., 2012; Smith and Alloway, 2014) .
We also showed that optogenetic activation of corticoclaustral afferents generates disynaptic inhibition in ClaC neurons. We demonstrated that both ClaC and PV cells receive direct monosynaptic inputs from corticoclaustral axons, which is consistent with previous anatomical findings. In paired recordings, we showed that the average response to corticoclaustral input was larger in PV neurons than in ClaC cells, and optogenetic activation of corticoclaustral afferents generated disynaptic inhibition in ClaC neurons. These synaptic relationships serve to narrow the temporal window for effective integration of corticoclaustral excitation (Bruno, 2011; Hu et al., 2014) . Furthermore, although the input resistance of PV neurons was significantly less than for ClaC neurons, the resting membrane potential of PV neurons was significantly depolarized compared with that of ClaC neurons, and the spike threshold was significantly lower in PV neurons than in ClaC neurons (Table 1) . These factors may also contribute to the generation of feedforward inhibition by PV neurons in the claustrum, although the precise mechanisms must be further explored (Hu et al., 2014) . This circuit organization detects correlated cortical input and could support the claustrum's proposed role in detecting salient stimuli (Remedios et al., 2010; Goll et al., 2015) . Furthermore, the claustrum's extensive connections with motor and higher-order regions of the cortex suggest that its function is not limited to sensory systems (Smith et al., 2012; Druga, 2014; Smith and Alloway, 2014; Zingg et al., 2014; Goll et al., 2015) . Together, our results suggest that the organization of local circuits within the claustrum is tuned to detecting and amplifying correlated cortical input and coordinating the activity of ClaC neurons through networks of interconnected PV neurons. Depending on the source of afferent corticoclaustral axons targeting ClaC cells, single ClaC neurons may integrate cortical inputs from different sensory modalities. Our results are also consistent with the claustrum's proposed role in detecting salient sensory stimuli or in amplifying correlated cortical inputs to coordinate the activity of functionally related cortical regions.
